The micro mechanisms of flexure damage at the notch tip in a three-dimensionally braided carbon/carbon composite (3D-C/C) were investigated in real-time through a Scanning Electron Microscopy. It was found that the damage was nucleated in the fibre bundle/matrix interface around the notch tip. The different damage modes were found in different directions of the 3D-C/C. The x-directional flexural specimens seem to be insensitive to the pre-notch while the z-directional flexural specimens seem to be sensitive to the pre-notch. Fibre yarns acted as an obstacle to crack propagation and it was necessary to increase the load to propagate the crack through the adjacent fibre yarn. Comparing with the x-directional flexural specimens, the forces could be better transmitted in z-directional flexural specimens because the fibres of z-direction bundles can tightly adjoin to each other.
INTRODUCTION
Carbon/carbon composites consist of braided carbon bundles substrate in carbonaceous matrix. It displays several advantageous properties for structural applications at high temperature up to 3000 o C in inert environments, along with low density, good strength retention at high temperature, high thermal and chemical stability in inert environments and high thermal shock resistance. For this reason, applications of C/C composite in high temperature environments have been explored, especially in the aerospace fields, such as rocket nozzles, re-entry vehicles' nose tips, and supersonic aircraft brakes [1] [2] [3] [4] .
In real applications, the mechanical property of C/C composite is one of the main research objects, including stress-strain behaviour and failure mechanisms. The following studies have already been performed: damage and failure mechanisms [5] [6] [7] [8] [9] , modeling for mechanical behaviour and damage [10, 11] , and microstructure and mechanical properties [12] [13] [14] [15] . Some investigations indicated that damage occurred first at the locations of the interface where the woven yarns crossed one another during tensile or flexural loading. The failure mechanisms of C/C composite have been grouped into three families: (i) fibre break, (ii) cracks in the matrix, and (iii) interface delamination . However, very few investigators have been tried to study the local mechanisms of failure under flexural loading, especially the micro-mechanisms of crack initiation in the C/C composite by real-time observation of the nucleation and growth of damages.
Evidently, direct observation of crack nucleation provides a more direct relation between the fracture processes and the microstructure and it can be used to observe the features of crack initiation which ultimately determine the strength and toughness of C/C composite. In this investigation, a Scanning Electron Microscopy (SEM) was used to monitor the onset of damage around a sharp notch during three-point bend test. A three-dimensional braided carbon/carbon composite (3D-C/C) with three different reinforced yarns is studied in this paper.
MATERIALS AND EXPERIMENTAL METHODS

Material
The 3D-C/C used in this study was manufactured by China Aerospace Science and Technology Corporation (CASC). According to the supplier's specification, the preform of this 3D-C/C was formed by hand from fibre bundles, consisting of high strength carbon fibre T300 produced from PAN precursor. The composite matrix was created in the course of Carbon Vapor Infiltration (CVI) and impregnating liquid pitch. The densification process was repeated by a hot isostatic pressure (HIP) process under pressure of >500 atm. The product was subjected to a final graphitization treatment under high temperature about 3000K in inert atmosphere. The final density of 3D-C/C was 1.87 g/cm 3 , which is 17% lighter than the ideal graphite density. The main reason of this difference is the different kinds of porosity in the C/C composite. The fibre volume fraction of 3D-C/C was about 47%, and the porosity of 3D-C/ C was less than 9%.
Methods
All the mechanical tests were performed in servomechanical testing machine using a three-point bend fixture which was placed in a SEM device. The flexure tests in the 3D-C/C were preformed with the flat specimen which has 3 mm width, 35 mm span, and 6 mm thickness. A notch approximate 500 μm in thickness was cut with a diamond wire. Considering the extreme brittleness of the C/C composites, great attention must be taken to avoid damage during machining. All specimens were cut by spark erosion. Surfaces were ground and polished using SiC based polishing papers with grain sizes down to 0.25 μm under water cooling. Thereafter, specimens were cleaned ultrasonically in acetone, rinsed in ethanol and dried in air. All the flexure tests were carried out under displacement control. The crosshead displacement rate of flexure test was 0.5mm/ min for the 3D-C/C. To study the fracture initiation mechanisms during the fracture test, the material around the notch tip was observed with a SEM (FEI Quant200, USA). . This difference in cross-section is probably due to different constraints during bundle weaving.
As evidenced by the micrographs of Fig.1 many relatively large pores are present in 3D-C/C ranging in size from 30 to 50 μm. Most of them are located 
in the carbon matrix. The majority of these cavities appear to be closed, but some of them are interconnected or linked with cracks along matrix-bundle interface.
In Fig.3a to c, optical micrographs of the cross-sections for different bundles are shown. Fibres are about 5 μm in diameter. Within bundles fibres can tightly adjoin to each other or can be packed loosely. Pyrolytic carbon penetrates into the bundles. But a large number of imperfections within the bundles remain after CVI, especially in the x-direction bundles (Fig. 3a) . The mean diameter is 10 to 15 μm for those macro defects in the x-direction bundles.
Comparing with the x-direction bundles, the number and size of pores is much smaller in the y-direction and z-direction bundles. As illustrated in Fig. 3c , the maximal diameter of defects is less than 5 μm and fibres can tightly adjoin to each other in the z-direction bundles.
The difference of internal structures between x-direction bundle and z-direction bundle may be due to the difference of fibre number of bundles. That of z-direction bundle is much larger than that of xdirection bundle, and the effect of extrusion during the weaving process was not obvious for z-direction bundle. Another view from the orientation of fibre bundles, the orientation of x-direction bundles is clearly non-linear, and that of z-direction bundles is almost completely linear. The orientation of y-direction bundles is between x-direction bundles and z-direction bundles. The difference of internal structures in different fibre bundles may lead to different failure mode under the same loading. So it is necessary to study the failure mechanism for different directions of the 3D-C/C. In this paper, we had studied the failure mechanism for x-direction and zdirection flexural specimens of the 3D-C/C.
Micro-mechanisms of damage nucleation
The micro-mechanisms of damage nucleation were monitored through a SEM focused at the notch tip during the three-point bend tests of notched beams. The finite notch tip radius is approximately 100um for all specimens. For comparison, the x-direction and z-direction flexural specimens were investigated.
A representative loading-deflection curve of 3D-C/ C for the x-direction flexural specimen is plotted in Fig.4. Figure5 shows the appearance of the notch tip region at the beginning of the test (Fig.5a) , at the 80% of the maximum load (Fig.5b) , at maximum load ( Fig.5c ) and during unloading (Fig.5d) . As can be seen in Fig.5a , the notch tip was located in the xdirection bundles. The first evidence of damage was detected at 80% of the maximum load, the cracks initiated at the interface of x-direction bundle/matrix (Fig.5b) . Taking into account the microstructure characters of 3D-C/C, it is very obviously that they were nucleated from the weak interface. They propagated slowly upon further loading. At the same time, there had a new crack initiated at the notch tip and propagated rapidly parallel to the x-direction until the peak load was attained (Fig.5c) . The z-direction bundle/matrix interface of 3D-C/C also split during unloading (Fig. 5d) .
Crack propagation through a fibre bundle required high load. Fibre reinforcement led to improvements in the flexure strength of 3D-C/C. In Fig.6 SEM photo of fracture surface for x-direction flexure specimen is shown. X-direction fibre yarns were pulled out from the fracture surface. Considering the whole damage process of x-direction specimen, the damage was insensitive to the notch. The new crack didn't immediately propagate through the x-direction bundle, but extended along the x-direction fibre/matrix interfaces perpendicular to the notch axis (Fig. 5c) . Then a part of fibre yarns were pulled out when the crack extended to a certain size. This may be due to the weak combination within the x-direction bundle (Fig. 3a) , and that the finite notch tip radius and the size of internal macro defects are on the same order of magnitude. Since the lower bonding strength of bundle-matrix interface in the 3D-C/ Cs, damage would first occur in the interface. This is the most commonly seen in all kinds of damage modes.
The load-deflection behaviour of 3D-C/C for the zdirection flexural specimen is plotted in Fig.7 , and the corresponding damage initiation micro-mechanisms are shown in the micrographs (Fig.8a-d ) which were taken, respectively, at the beginning of the test, at the 80% of the maximum load, at maximum load, and when the load had dropped by approximately 60%. Seen in Fig.7 , the initial response of the composite was linear.
As shown in Fig. 8a , the notch tip was located in the fibre bundle/matrix interface. According to the preform of 3D-C/C, most of the load would be carried by z-direction fibre bundles when the specimen was undergoing bending load. With increasing the load, the notch tip propagated along the fibre bundle/matrix interface. The only damage detected in the z-direction flexural specimen of 3D-C/C prior to failure was a crack, approximately 2 mm in length, which grew from the notch root (Fig. 8b ). There had no cracks perpendicular to the notch axis were found, it shown that the crack had directly crossed through the z-direction bundle. Since the preferable combination of fibres within the z-direction bundle (Fig.  3c) , the forces could be better transmitted when the crack reached the bundle. As also can be seen in Fig.7 , the load rapidly decrease after the peak load point. This indicated that the first z-direction bundle nearby the notch tip had completely broken. And the next z-direction bundle had begun to carry load The results in Fig.4~8 show the identities and differences in the crack nucleation between x-directional flexural specimen and z-directional flexural specimen of 3D-C/C. Damages was nucleated in large defects around the notch tip at very low stresses, such as the fibre bundle/matrix interfaces. No obvious damage was observed in the x-directional flexural specimen oriented in the notch axes direction until the final fracture. The x-directional flexure specimen of 3D-C/C wasn't sensitive to the notch perpendicular to the x-axis. On the contrary, the zdirectional flexure specimen of 3D-C/C was sensitive to the notch perpendicular to the notch-axis.
CONCLUSIONS
The microstructure and the damage initiation micromechanisms in the 3D-C/C were researched. The fibre bundles were obviously non-linear and there existed a large number of pores in the matrix. There had different size and shape for different directional fibre bundles in the 3D-C/C. Within the experimental results, obvious differences were found between x-directional flexural specimen and z-directional flexural specimen of the 3D-C/C. It was concluded that the x-directional flexural specimens seem to be insensitive to the pre-notch and the z-directional flexural specimens seem to be sensitive to the pre-notch. Damage was nucleated in the fibre bundle/matrix interfaces around the notch tip in the 3D-C/C. Fibre yarns acted as an obstacle to crack propagation and it was necessary to increase the load to propagate the crack through the next fibre yarn. Comparing with the x-direction bundles, the forces could be better transmitted because the fibres of z-direction bundles can tightly adjoin to each other.
